INTRODUCTION
============

The ultimate goal of dairy farms is to produce the best cows from replacement heifers. But, replacement heifer management and feeding is expensive and requires extensive labour. It costs approximately 20% of the farm expenses ([@b31-ajas-25-9-1338-18]). Reducing the age of onset of puberty, early breeding, and thereby reducing age at first calving (AFC) is the obvious option to minimize expenses on these heifers. In order to achieve this, high energy, high protein, and thus, high concentrate diets are being fed to accelerate growth rates of calves and heifers. Various reports have shown that when accelerated diets are fed before puberty then breeding age and AFC but also first-lactation milk yield (MY) decrease ([@b26-ajas-25-9-1338-18]; [@b68-ajas-25-9-1338-18]; [@b34-ajas-25-9-1338-18]; [@b79-ajas-25-9-1338-18]; [@b72-ajas-25-9-1338-18]).

Increased pre-pubertal average daily gain (ADG) has been demonstrated to retard mammary development ([@b78-ajas-25-9-1338-18]; [@b54-ajas-25-9-1338-18]), sometimes referred to as fatty udder syndrome, thereby affecting future first-lactation MY potential of the animal ([@b26-ajas-25-9-1338-18]; [@b47-ajas-25-9-1338-18]; [@b72-ajas-25-9-1338-18]). The major critics to rearing heifers at an accelerated growth rate are compromised mammary development and decreased potential of subsequent MY. However, for MY, data is not consistent and suggests that accelerated pre-pubertal gain has less effect on MY in first lactation when AFC is greater than 24 months ([@b33-ajas-25-9-1338-18]; [@b48-ajas-25-9-1338-18]). Also, accelerated post-pubertal growth resulted in earlier calving at similar pre-partum body weight (BW), but heifers fed accelerated diets were smaller in stature and had reduced performance during first lactation ([@b34-ajas-25-9-1338-18]). Effects of BW during post-pubertal stage on MY potential and optimum body size of replacement heifers have been extensively reviewed by [@b33-ajas-25-9-1338-18]. However, proper assessment and evaluation of the feeding and management programmes of replacement heifers is required from birth to AFC by milk producers and proper recommendations are needed.

To maximize lactation performance and reduce rearing costs, average AFC in Holsteins in western countries was recommended to be ≤24 months with 540 to 650 kg of BW before first calving in high concentrate intensive feeding systems ([@b33-ajas-25-9-1338-18]) and 475 to 550 kg appears acceptable in pasture-based systems ([@b39-ajas-25-9-1338-18]; [@b51-ajas-25-9-1338-18]). A growth rate of approximately 800 g/day from 150 to 320 kg BW was required for maximum first lactation milk and protein yields in eight studies when calving BW was included in the model ([@b95-ajas-25-9-1338-18]). However, pre-pubertal BW gains, when evaluated on a continuum from 0.5 to 1.1 kg/d did not significantly affect MY during the first lactation ([@b88-ajas-25-9-1338-18]). Only few authors have reported on effects of feeding level after puberty. High energy intake during the post-pubertal period did not negatively influence mammary development ([@b78-ajas-25-9-1338-18]) and might even have enhanced development ([@b30-ajas-25-9-1338-18]), although enhanced growth rate during the post-pubertal period has demonstrated equivocal changes in MY ([@b46-ajas-25-9-1338-18]; [@b51-ajas-25-9-1338-18]).

Nutritional effects from weaning until puberty and from post-puberty until AFC and its effects on production performance in future life are inconsistent and equivocal. Variation in responses between experiments suggests that feeding regimes that support high growth rates without negative effect on MY can be developed. This review highlights the nutritional impact during this period on growth, mammary gland development and on milk production potential of the animal.

Mammary gland growth and effects of nutrition
---------------------------------------------

Mammary growth is a major determinant of MY capacity and longevity of lactation. Mammary gland development starts right from foetal stage and the basic structures are formed in foetal life and outer shape of the glands is fully developed at birth, but epithelial cells are rudimentary ([@b83-ajas-25-9-1338-18]; [@b87-ajas-25-9-1338-18]). At this age the mammary ducts and fat pads grow rapidly, but no alveoli are formed ([@b71-ajas-25-9-1338-18]). The mammary gland of heifers develops at the same rate as the rest of the body from birth to about 3 months of age and from 10 to 12 months of age to about 3 months of gestation. Between these two isometric phases of growth and from third month of gestation until calving the mammary gland grows at a faster rate than the rest of the body ([@b85-ajas-25-9-1338-18]; [@b87-ajas-25-9-1338-18]). The most rapid pre-pubertal mammary growth relative to body growth occurs from 3 to 9 months of age at BW between 90 and 230 kg and is the critical period during which the mammary growth of a Holstein heifer can be influenced by nutrition ([@b86-ajas-25-9-1338-18]; [@b42-ajas-25-9-1338-18]).

The primary hypothesis to explain reduced MY when replacement heifer growth is accelerated is that the development of mammary secretory tissue is reduced because of the high energy demand to accelerate growth ([@b36-ajas-25-9-1338-18]). It is clear that mammary parenchymal development is retarded by the shorter period to puberty in rapidly reared heifers ([@b13-ajas-25-9-1338-18]; [@b54-ajas-25-9-1338-18]). The ability of the mammary gland to produce milk depends on number of epithelial cells which is influenced by their rate of proliferation and apoptosis ([@b45-ajas-25-9-1338-18]; [@b12-ajas-25-9-1338-18]) and the secretory activity of the myoepithelial cells which is affected by their differentiation ([@b3-ajas-25-9-1338-18]). The angiogenesis or vascular system development ([@b19-ajas-25-9-1338-18]) required for nutrient supply and removal of metabolic waste products has received no attention in normal mammary development of females ([@b2-ajas-25-9-1338-18]) but was recently highlighted for goats ([@b75-ajas-25-9-1338-18]). Also, the metabolic status in the first lactating mammary gland is different because the nutrients are diverted between lactation and continued growth ([@b91-ajas-25-9-1338-18]).

Nutritional effects from birth to weaning
-----------------------------------------

Studies on the magnitude of body growth rates during the period between birth and approximately 4 months of age that encourage maximal mammary development and future milk production potential are scarce ([@b7-ajas-25-9-1338-18]; [@b8-ajas-25-9-1338-18]). Heifer calves that achieve greater weaning BW, increased growth rates from birth to weaning, or both have been reported to attain puberty at earlier ages ([@b93-ajas-25-9-1338-18]; [@b4-ajas-25-9-1338-18]; [@b10-ajas-25-9-1338-18]). [Table 1](#t1-ajas-25-9-1338-18){ref-type="table"} summarizes findings on effects of feeding from birth to weaning on calf performance and milk yield potential.

### Feeding whole milk

Young heifer calves consuming whole milk for BW gains of 1.1 kg/d tended to produce more milk as cows than did calves fed a restricted amount of whole milk before weaning ([@b22-ajas-25-9-1338-18]). In support of the above view, Israeli Holstein calves reared by *ad libitum* milk consumption for the first 50 d of life as compared with milk replacer (MR) fed calves had higher BW, decreased age of onset of puberty by 23 d, and increased fat-corrected first-lactation MY ([@b81-ajas-25-9-1338-18]). Whole milk-fed calves had higher BW and ADG at weaning, lower age at first insemination, and lower age at pregnancy and calving than MR fed heifers. Also, the first lactation MY and 4% fat-corrected MY were higher for whole milk heifers than MR fed animals and pre-pubertal added protein tended to increase MY ([@b58-ajas-25-9-1338-18]).

### Management manipulations

Few studies have attempted to achieve faster growth rates in calves before weaning. [@b6-ajas-25-9-1338-18] carried out an experiment on 75 Holstein-Friesian heifer calves by feeding either warm (35°C) or cold (ambient temperature) MR for *ad libitum* intake or a restricted amount of warm (35°C) MR ([Table 1](#t1-ajas-25-9-1338-18){ref-type="table"}). Calves offered warm MR *ad libitum* were approximately 30% heavier at weaning and this feeding strategy can thus also be used to exploit the early growth potential of dairy heifer calves ([@b6-ajas-25-9-1338-18]). Greater BW gain, structural growth, and a more metabolically and physically developed rumen were observed in Holstein calves on a step-down method compared with a conventional method ([@b44-ajas-25-9-1338-18]; [Table 1](#t1-ajas-25-9-1338-18){ref-type="table"}). This method could be used as a mean to achieve faster growth rate and early puberty in Holstein calves. *Ad libitum* intake of milk by dairy calves through an artificial nipple can allow for increased milk intake and weight gain with no detrimental effects on intake of solid food after weaning when compared with milk feeding by bucket twice daily at 10% of BW ([@b41-ajas-25-9-1338-18]).

### Milk replacer feeding

Feeding calves MR with high nutrient concentrations at a high feeding rate before weaning resulted in increased BW compared with a conventional MR feeding programme yet without effect on first-lactation MY. However, heifers on nutrient-dense MR at high feeding rate pre-weaning calved earlier ([@b74-ajas-25-9-1338-18]). By varying the quantity and composition of MR, the growth rate and composition of milk-fed calves can be manipulated ([@b32-ajas-25-9-1338-18]). Previous research comparing production of heifer calves fed either restricted amounts of MR, or allowed to suckle, before weaning, showed that suckled calves had higher BW gains, produced more milk in their first lactation because of higher nutrient intake before weaning ([@b5-ajas-25-9-1338-18]; [@b21-ajas-25-9-1338-18]). Increasing protein and energy intake through MR in Holstein heifer calves from 2 to 8 wks of age can increase the rate of development of mammary parenchyma ([@b7-ajas-25-9-1338-18]), but whether this increase would translate into higher milk production later in life was not reported. From these studies it becomes evident that early rapid growth until weaning is at least not detrimental for mammary gland development.

Early rapid growth is beneficial if intra-parenchymal fat content of the mammary gland is not increased. Maximising growth rate between 2 and 8 weeks of age might have positive effects on mammary development since increased energy and protein intake at this age nearly doubled the mass of mammary parenchyma ([@b7-ajas-25-9-1338-18]). Therefore, it seems that feeding more milk or MR to achieve faster gain thereby encouraging lean growth without much intra-mammary fat deposition can be achieved. Overall, it might be possible to influence future productivity by exploiting the growth potential of the heifer during the milk feeding period (0 to 8 wks), before the period of allometric mammary development begins. But there are very few studies that showed a direct effect of pre-weaning nutrition on future MY and the possibility of confounding the effects of pre-weaning nutritional regime on mammogenesis and MY due to management after weaning are very high.

Nutritional effects from weaning to puberty
-------------------------------------------

In cattle, puberty onset occurs at approximately the same BW independent of feeding level ([@b78-ajas-25-9-1338-18]; [@b76-ajas-25-9-1338-18]). In heifers of large dairy breeds, onset of puberty usually occurs at 9 to 11 months of age and at an average BW of 250 to 280 kg ([@b79-ajas-25-9-1338-18]). The attainment of puberty depends more on BW than on age ([@b51-ajas-25-9-1338-18]; [@b52-ajas-25-9-1338-18]). Also the genetic strain of Holstein-Friesian influences age at puberty mainly through the influence of strain on BW ([@b52-ajas-25-9-1338-18]).

Nutritional status between birth and puberty can exert a permanent effect on the ability of adult cows to produce milk ([@b42-ajas-25-9-1338-18]). Increased growth rate due to high feeding level before puberty onset can lead to reduced pubertal mammary growth and reduced MY potential ([@b80-ajas-25-9-1338-18]), if rapid growth occurs with increased body fatness. Very few studies have actually looked at the impact of nutrition on both pre-pubertal mammary gland development and subsequent MY. Generally one or the other aspect has been evaluated with an assumption that both are linked. [Table 2](#t2-ajas-25-9-1338-18){ref-type="table"} summarizes findings on effects of feeding from weaning to puberty on heifer performance and MY potential. High feed intakes during pre-puberty had negative effects ([@b80-ajas-25-9-1338-18]), no effects ([@b88-ajas-25-9-1338-18]; [@b1-ajas-25-9-1338-18]), or positive effects ([@b16-ajas-25-9-1338-18]) on mammary growth and subsequent MY.

### Effect of pre-pubertal nutrition on mammary growth

Negative effects of high feeding level in the pre-pubertal period on mammogenesis, especially a reduced amount of parenchyma tissue and a lowered future MY have been observed in several studies in both dairy and beef heifers ([@b30-ajas-25-9-1338-18]; [@b13-ajas-25-9-1338-18]; [@b9-ajas-25-9-1338-18], [@b80-ajas-25-9-1338-18]). When Holstein heifers were fed varying amounts of the same diet to achieve two rates of ADG (650 or 950 g/d), and then slaughtered at BW of 100, 150, 200, 250, 300, or 350 kg to study mammary parenchymal development, showed no effect of rate of gain on mammary parenchyma and had no negative impact on ductal development ([@b17-ajas-25-9-1338-18]). However, the number of epithelial and luminal structures present in mammary parenchyma increased with increasing BW. In contrast, increasing energy intake of pre-pubertal heifers (age, 11 wks; BW, 107 kg) for different durations (0, 3, 6 or 12 wks) decreased the percentage of mammary epithelial cells in terminal ductal area, decreased the mass of fat-free parenchyma per unit of carcass and increased the mass of mammary fat proving negative effects of high-energy diets on mammary parenchymal mass at puberty ([@b18-ajas-25-9-1338-18]). It appears that feeding high energy diets hastens puberty, but mammary growth is not proportional to body growth and reduces mammary parenchymal tissue.

[@b82-ajas-25-9-1338-18] suggested that within a dietary treatment, pre-pubertal heifers that grow faster do not have impaired mammary development. Among heifers fed the same high-energy diet for *ad libitum* intake, those that gained a higher proportion of fat grew slower and had less mammary parenchyma at puberty ([@b82-ajas-25-9-1338-18]). Perhaps, increased body fatness may be a better predictor of impaired mammary development than BW gain. Dietary regimes to achieve heavier BW at first calving, based on moderate rates of pre-pubertal gain followed by high rates of gain during the post-pubertal period, had no detrimental effects on mammary parenchyma development ([@b14-ajas-25-9-1338-18]).

Increasing pre-pubertal BW gains can have a negative impact on mammary parenchyma cell numbers ([@b54-ajas-25-9-1338-18]) and first-lactation MY ([@b47-ajas-25-9-1338-18]; [@b72-ajas-25-9-1338-18]). During pre-pubertal allometric phase of growth the mammary parenchymal mass, deoxyribonucleic acid (DNA) content, or both are reduced in heifers reared on an elevated level of nutrient intake ([@b69-ajas-25-9-1338-18]; [@b13-ajas-25-9-1338-18]). In contrast to others ([@b78-ajas-25-9-1338-18]; [@b69-ajas-25-9-1338-18]; [@b13-ajas-25-9-1338-18]), [@b55-ajas-25-9-1338-18] found that basal proliferation of pre-pubertal bovine mammary epithelial cells was not negatively influenced by an elevated nutrient intake to achieve 950 g/d BW gain, rather it was increased. The level of nutrient intake, especially of dietary protein, had minimal influence on mammary epithelial cell proliferation, the rate of parenchyma DNA accretion and the total parenchyma DNA ([@b55-ajas-25-9-1338-18]). However, mammary fat pads were directly influenced by elevated energy and protein intake, but the same was not true with parenchyma and most of the variation in parenchyma DNA content was accounted for by differences in age and not by the amount of nutrient intake ([@b54-ajas-25-9-1338-18]). The authors suggested that this may have confounded many of the previous studies where mammary development was evaluated at a similar BW but at different ages. Therefore, when the impact of nutrition on mammary gland and MY is studied, then both, animals of similar age and at similar BW, should be used to acquire less confounded and more meaningful data.

It has been suggested that rapid rates of growth may be achieved without detrimental effects on subsequent MY, if rapid growth occurs without excessive fattening ([@b82-ajas-25-9-1338-18]). The decrease in MY that is associated with high energy diets fed during the pre-pubertal period has been attributed to reduced growth of mammary parenchyma and a concurrent increase in the deposition of mammary adipose tissue ([@b84-ajas-25-9-1338-18]). A high energy intake results in greater deposition of fat in all body tissues ([@b90-ajas-25-9-1338-18]). However, *ad libitum* access to a high protein, high energy diet (formulated to achieve BW gain of 1.2 kg/d) increased growth rate compared with *ad libitum* access to a control diet (formulated to achieve BW gain of 0.8 kg/day) without detrimental effects on mammary development ([@b73-ajas-25-9-1338-18]). Thus, extra dietary protein may offset the detrimental effect of high dietary energy on mammary development during the pre-pubertal stage.

### Effect of pre-pubertal nutrition on milk yield

Negative effects of high feeding level in the pre-pubertal period, and increasing pre-pubertal BW gains lowered future MY have been observed in several studies in both dairy and beef heifers ([@b30-ajas-25-9-1338-18]; [@b13-ajas-25-9-1338-18]; [@b9-ajas-25-9-1338-18], [@b47-ajas-25-9-1338-18]; [@b72-ajas-25-9-1338-18]; [@b80-ajas-25-9-1338-18]). The negative effect of high feeding level on first lactation MY was similar among breeds and it started when the feeding resulted in BW gains above 350, 550 and 650 g/day in Jerseys, Danish Reds and Danish Friesians, respectively ([@b38-ajas-25-9-1338-18]), showing breed differences ([Table 2](#t2-ajas-25-9-1338-18){ref-type="table"}). There are experiments where no negative effects were observed of high feeding levels during the pre-pubertal stage on subsequent MY. This may be due to very small growth rate differences between treatment groups, a small number of animals or treatment periods were outside the critical period ([@b80-ajas-25-9-1338-18]).

Heifers could achieve daily BW gains of approximately 800 g from 100 to 300 kg BW without a negative effect on future MY, if the intakes of total digestible nutrients and crude protein (CP) are in the range of 90 to 110% of [@b62-ajas-25-9-1338-18] recommendations ([@b70-ajas-25-9-1338-18]). Controlled feeding of a high-concentrate ration during the rearing period especially before puberty to achieve ADG of approximately 825 g/d could be utilized as a managerial strategy for dairy heifers to improve fat-corrected milk and fat production in their first lactation ([@b96-ajas-25-9-1338-18]). [@b96-ajas-25-9-1338-18] evaluated growth and first-lactation MY in dairy heifers fed a high-forage or high-concentrate ration for similar levels of BW gain before puberty and found no difference in puberty attainment and found equal or improved 150-d milk and milk component production. In contrary, reduced first-lactation MY was observed when dairy heifers were offered high-concentrate diets for *ad libitum* consumption ([@b72-ajas-25-9-1338-18]). Similar to [@b96-ajas-25-9-1338-18], others have reported that first-lactation MY did not differ between groups when the high-concentrate diet was restricted to similar BW gains compared with the high-forage control diet ([@b77-ajas-25-9-1338-18]; [@b15-ajas-25-9-1338-18]).

### Effect of diet composition during pre-pubertal stage on mammary growth and milk yield

Few studies evaluated the influence of diet composition on mammary growth and MY. [@b89-ajas-25-9-1338-18] fed pre-pubertal heifers either lucerne silage or maize silage plus soybean meal for daily BW gains of 725 or 950 g. Feed intake, milk and milk component production, and milk composition during first lactation were not affected by either experimental diet or growth rates ([@b89-ajas-25-9-1338-18]). In another study, total mammary parenchymal DNA and ribonucleic acid were lower at puberty in heifers fed maize silage-based diets for high rate of BW gain ([@b13-ajas-25-9-1338-18]); however, mammary growth was not inhibited in heifers fed lucerne silage for higher rates of BW gain, and diets or growth rates had no impact on subsequent milk production. Heifers fed a straw/concentrate-based diet during winter periods had beneficial effects on mammary parenchyma development compared with those on grass silage-based diets, and pasture grazing during summer improved mammary development over maintaining animals indoors on a straw/concentrate-based diet ([@b14-ajas-25-9-1338-18]). Increased deposition of fat in adipose and mammary tissues of heifers fed a maize silage diet between 175 and 325 kg of BW or with BW gain in excess of 950 g/d was also reported ([@b28-ajas-25-9-1338-18]).

The effect of accelerated diets during pre-pubertal stage on the early onset of puberty is now widely accepted, however, the effects on mammary development are equivocal and impacts on subsequent milk production are not clearly defined. It seems that heifers with a higher genetic potential for milk also have a higher genetic potential for lean deposition rather than fat accretion. Most of the studies showing negative effects of pre-pubertal accelerated dietary regime on first-lactation MY are confounded with the management practices around puberty, breeding and gestation because of differences regarding age and BW at first calving. Nevertheless, the potential of decreasing age of puberty by accelerated BW gains without subsequently impairing production should be further investigated.

Effect of post-pubertal feeding
-------------------------------

Increased growth rate due to high feeding level after puberty and during gestation had no effect on mammary growth and later MY ([@b80-ajas-25-9-1338-18]). A lack of effect of feeding level after puberty on mammary growth was also shown by [@b78-ajas-25-9-1338-18] who compared the effect of feeding level from 300 to 440 kg BW in unbred US Holstein heifers. [Table 3](#t3-ajas-25-9-1338-18){ref-type="table"} summarizes findings on effects of post-pubertal feeding on heifer performance and MY potential. Feeding intensity during gestation can influence milk producing ability of primiparous cows by affecting BW at calving and mammary growth and development. The first lactation MY had a positive relationship with BW at first calving ([@b23-ajas-25-9-1338-18]), however, contrarily, high plane of nutrition during gestation had also been shown not to increase MY in such cows (Laccase et al., 1993; [@b29-ajas-25-9-1338-18]). It seems that the plane of nutrition before gestation and the magnitude and duration of high feed intakes are important factors.

High plane of nutrition during post-pubertal period did not increase MY during first lactation but BW gain during complete lactation period decreased and days to first observed estrus increased due to *ad libitum* feed intake showing negative effect of high plane of nutrition (Laccase et al., 1993) ([Table 3](#t3-ajas-25-9-1338-18){ref-type="table"}). However, contradictory to Laccase et al. (1993), the post-pubertal growth rate was positively correlated with first lactation MY, and MY increased 7% along with milk fat and protein yield in first lactation heifers on the high feed allowance because of increased animal size ([@b51-ajas-25-9-1338-18]). The BW at first calving as well as post-pubertal growth rates are important for first-lactation MY ([@b51-ajas-25-9-1338-18]) and it was reported that BW greater than 660 kg at first calving did not improve lactation performance ([@b29-ajas-25-9-1338-18]). Heifers fed an accelerated diet from 10 months of age until parturition and bred at 10 or 14 months, respectively, showed higher BW gains and calved earlier than control animals ([@b34-ajas-25-9-1338-18]; [Table 3](#t3-ajas-25-9-1338-18){ref-type="table"}). Accelerated growth resulted in higher pre-partum BW and lower BW after parturition, but those heifers were smaller and early calving reduced performance during first lactation. Reduced MY during first lactation because of accelerated post-pubertal growth was not always observed. However, it can be postulated that accelerated post-pubertal heifers having lower post-partum BW shift nutrients away from MY to meet growth requirements and compensatory growth is generally seen in such first-lactating cows.

### Feeding gravid heifers

Gravid heifers are generally fed low energy, high fibre forages that effectually control energy intake and help minimize over-conditioning at calving which can be detrimental to lactation performance ([@b34-ajas-25-9-1338-18]). Gravid Holstein heifers showed improved feed efficiency and no adverse effects on growth or subsequent lactation performance when they were limit fed nutrient-dense diets ([@b37-ajas-25-9-1338-18]). Other studies also showed that after conception, BW at calving ([@b59-ajas-25-9-1338-18]) and body condition score at calving ([@b27-ajas-25-9-1338-18]) influence post-partum feed intake and first lactation MY.

The feeding intensity from 2 to 6 months of gestation had no effect on milk producing ability of primiparous Ayrshire cows, but a high feeding intensity during the last trimester of pregnancy increased MY ([@b53-ajas-25-9-1338-18]), possibly due to differences in physiological status (calving BW, body fat reserves) of the heifers at calving ([Table 3](#t3-ajas-25-9-1338-18){ref-type="table"}). Heifers under different post-pubertal feeding regimens with AFC of 20.6 or 23.6 months showed that delayed bred heifers had higher incidence of dystocia because of higher body condition score due to delayed breeding to increase AFC ([@b34-ajas-25-9-1338-18]).

There is a scarcity of recent reports investigating the effect of post-pubertal feeding on mammary gland development. It appears that selection for a single trait, namely MY, with little consideration for traits associated with reproduction caused reproductive problems and hence a new strategic direction for genetic selection that also includes reproductive traits is required ([@b64-ajas-25-9-1338-18]). Nutritional strategies are also needed that optimize reproductive processes without compromising the partitioning of energy into milk production.

Effect of protein on heifer growth, mammary development and milk yield
----------------------------------------------------------------------

Growing heifers require protein to support maintenance, growth, and pregnancy. The standard protein-to-energy ratio for pre-pubertal dairy heifers is around 9.6 g metabolizable protein/MJ metabolizable energy (ME), which is equivalent to 13.2 g CP/MJ ME if rumen-undegradable CP (RUP) is 36% of CP ([@b92-ajas-25-9-1338-18]). Pre-pubertal BW gain was influenced by dietary CP concentration showing lower BW gain for low CP than for high CP groups, but dietary RUP concentration did not influence pre-pubertal BW gain ([@b20-ajas-25-9-1338-18]). The age and BW at calving were not influenced by either pre-pubertal dietary CP or RUP concentrations ([@b20-ajas-25-9-1338-18]). Heifers fed diets containing low CP between 5 and 10 months of age, had greater area of mammary gland fat tissue and the ratio of fat to secretory tissue area at 16 months of age, compared to high CP fed heifers ([@b20-ajas-25-9-1338-18]; [Table 2](#t2-ajas-25-9-1338-18){ref-type="table"}). Recent studies showed that for milk fed calves 18.9% of dietary CP and for weaned heifers 14.2% CP maximized gross nitrogen efficiency ([@b97-ajas-25-9-1338-18]). Several other studies recommended dietary CP as 16.0% for heifers weighing 90 to 220 kg, 14.5% for 220 to 360 kg, and 13.0% CP for more than 360 kg BW ([@b33-ajas-25-9-1338-18]; [@b70-ajas-25-9-1338-18]; [@b90-ajas-25-9-1338-18]; [@b35-ajas-25-9-1338-18]; [@b48-ajas-25-9-1338-18]).

Dietary CP at low, standard, or high concentrations (8.8, 9.8, or 10.5 g/MJ of ME, respectively) with ME at 11.9 MJ/kg DM did not affect age or weight of heifers at puberty or slaughter at 46 d after puberty, and carcass composition ([@b92-ajas-25-9-1338-18]). Effect of dietary protein levels of 75, 100 and 125% of [@b43-ajas-25-9-1338-18] recommendations on growth of crossbred dairy calves from 3 to 5 months of age for next 105 days was evaluated ([@b49-ajas-25-9-1338-18]). The fortnightly BW changes and net BW gain did not differ significantly between treatments in that study. Dietary protein did not cause a major effect on mammary development based on average mammary parenchymal DNA content, provided the diets contain adequate protein for normal body growth, and the new [@b63-ajas-25-9-1338-18] guidelines for protein relative to energy seem adequate for optimal mammary development ([@b92-ajas-25-9-1338-18]).

The potential of increased growth rates to decrease AFC should be fulfilled by increasing CP intake; therefore the CP to energy ratio should be higher for rapidly growing heifers than for heifers growing at a standard rate. Few studies reported that insufficient concentrations of dietary CP in rapidly growing pre-pubertal heifers may impair mammary development and decrease first lactation yield.

### Feeding bovine somatotropin along with protein

Some nutritional strategies like feeding bovine somatotropin (bST), which is not allowed to use in the European Union, has shown positive effects on pre-pubertal mammary secretory tissue ([@b86-ajas-25-9-1338-18]) and increased skeletal growth ([@b73-ajas-25-9-1338-18]). Incorporation of additional dietary protein as RUP along with bST could be used to achieve early calving and maximal MY and sufficient body size to limit dystocia ([@b11-ajas-25-9-1338-18]). Contrary to earlier reports in which high energy intake ([@b79-ajas-25-9-1338-18]) was used to increase growth, and causes fat deposition, feeding pre-pubertal heifers RUP (7.9% of DM) along with bST administration at 0.1 mg/kg BW per day, increased growth rates of skeletal tissues without increasing fat deposition ([@b56-ajas-25-9-1338-18]; [@b57-ajas-25-9-1338-18]). However, daily administration of bST to Friesian heifers for 120 d before puberty did not affect BW gain, age at onset of puberty, reproductive efficiency, MY or milk composition during first lactation ([@b60-ajas-25-9-1338-18]). It appears that nutritional manipulations by feeding high RUP content along with hormone administration (i.e., bST) have no deleterious effect on mammary development in rapidly reared heifers because of increased skeletal growth rather than fat deposition.

Effect of limit-feeding on heifer growth, mammary development and MY
--------------------------------------------------------------------

Limit-feeding is a management practice that controls feed intake to maximize nutrient utilization and to improve feed conversion ratio ([@b61-ajas-25-9-1338-18]; [@b25-ajas-25-9-1338-18]). [@b47-ajas-25-9-1338-18] used a limit-feeding strategy to control growth rates of prepubescent Holstein heifers and observed no negative carryover effects on first-lactation performance. Limit feeding more nutrient-dense diets compared with control diets for *ad libitum* intake to gravid dairy heifers may be an equally effective management strategy to control energy intake, compared to feeding high fibre forage diets ([@b37-ajas-25-9-1338-18]). Improved feed efficiency and unaltered growth and first-lactation MY have been observed with dairy heifers fed before puberty a high concentrate diet compared with heifers fed a high forage diet for equal BW gains ([@b96-ajas-25-9-1338-18]). Limit feeding improved feed efficiency and reduced DM excretion without negative effects on lactation performance. Dairy heifers were limit-fed (1.25, 1.50, 1.75, and 2.00% of BW) a high forage diet; the efficiency of nutrient utilization increased as intake increases but reducing dry matter intake below 1.50% of BW reduced efficiency ([@b98-ajas-25-9-1338-18]). Restricting the amount of concentrate from 2 kg/d per calf to 1 kg/d from 5 to 7 d of age for the next 150 d, moderately reduced the growth rates (BW gain, 827 vs 739 g/d) in German Holstein calves, and the effects were significant but final BW were not different ([@b50-ajas-25-9-1338-18]). Calves in both groups received similar MR until weaning; however, group forage intake of restricted animals was higher than that of control calves.

Recent studies on primiparous Holsteins indicated that controlling or restricting energy intake pre-partum was not detrimental to lactation performance during the first 8 weeks of lactation ([@b40-ajas-25-9-1338-18]). [@b24-ajas-25-9-1338-18] used a stair-step compensatory nutrition pattern to dairy heifers and reared according to an alternating 3-2-4-3-4-2-months schedule. The first stair-step (pre-pubertal phase) consisted of energy restriction (17% CP and 9.8 MJ ME/kg) for 3 months followed by realimentation (12% CP and 12.8 MJ ME/kg) for 2 months. The second step (puberty and breeding) consisted of energy restriction for 4 months followed by realimentation for 3 months. The third step (gestation period) was energy restriction for 4 months concluding with realimentation for 2 months. Heifers were restricted to 70% DM intake of the control intake during restriction phase and were given *ad libitum* access to high energy diets during realimentation. Heifers on stair-step regimen had a significant increase in MY during the first (21%) and second (15%) lactation cycles, had similar end BW while consuming less feed, thus improving efficiency of growth. Therefore, it appears that allowing compensatory growth may improve mammary development and energy and protein metabolic status of dairy heifers ([@b24-ajas-25-9-1338-18]). Similarly, nutritional restriction for 91 d followed by realimentation in beef heifers (226 d of age) was associated with increased parenchymal DNA concentrations, suggesting more cells in the mammary parenchymal tissue of these heifers compared with those on *ad libitum* intake ([@b94-ajas-25-9-1338-18]). On similar lines, a well controlled nutritional regimen prior to first parturition can significantly affect mammary growth, differentiation, and performance at subsequent lactations ([@b67-ajas-25-9-1338-18]; [@b65-ajas-25-9-1338-18]; [@b16-ajas-25-9-1338-18]; [@b66-ajas-25-9-1338-18]). Taken together, it appears that limit-feeding could be used as an alternative strategy for replacement dairy heifers.

CONCLUSIONS
===========

Overall, feeding contributes significantly to growth; mammary development and MY potential from birth to calving; and ways of rearing the dairy heifer that optimizes first lactation MY and maintaining longevity should be continuously researched. Data suggest that diets for accelerated gains without negative effect on first-lactation MY or mammary growth can be developed. With the increase in growth rates due to genetic selection, CP requirements of heifers increase and so the CP to energy ratio should be higher for rapidly growing heifers. Effects of such high protein, high energy diets on dairy heifers in relation to changes in body composition and their role in mammary development and MY potential need further evaluation. Such studies will improve the knowledge for establishing future recommendations for dairy replacement heifers.
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###### 

Effect of feeding from birth to weaning on calf performance and milk yield potential

  Duration/age           Feeding regime                                                                                                                                                                                                                                                         Response                                                                                                                                                                                                                                                                          Authors
  ---------------------- ---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------- --------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------- --------------------------------------------------
  Birth to weaning       Calves suckling milk twice daily vs calves fed MR                                                                                                                                                                                                                      Suckling calves produces more milk in their first lactation                                                                                                                                                                                                                       [@b5-ajas-25-9-1338-18]
  Day 1 to d 43 of age   *Ad libitum* feeding of milk by artificial nipples vs milk feeding by bucket at 10% of body weight (BW)                                                                                                                                                                Feeding by nipples increased weight gain with no detrimental effect in solid feed intake after weaning                                                                                                                                                                            [@b41-ajas-25-9-1338-18]
  2 to 8 wks of age      Increasing energy and protein intake in MR                                                                                                                                                                                                                             Rate of development of mammary parenchyma increased                                                                                                                                                                                                                               [@b7-ajas-25-9-1338-18], [@b8-ajas-25-9-1338-18]
  Until 6 wks of age     Warm MR (35°C) for *ad libitum* intake or cold MR for *ad libitum* intake or restricted warm MR 4 L/d in 2 equal feeds. Fresh concentrate was fed for *ad libitum* intake during MR regime                                                                             At weaning calves offered warm MR *ad libitum* were 30% heavier than the restricted group with mean growth rates in excess of 1 kg/d.                                                                                                                                             [@b6-ajas-25-9-1338-18]
  5 to 50 d of age       Milk fed vs MR feeding                                                                                                                                                                                                                                                 BW and all skeletal parameters higher in milk fed calves, reached puberty earlier by 23 d and increased fat-corrected milk yield (MY) at first lactation                                                                                                                          [@b81-ajas-25-9-1338-18]
  Birth to 44 d of age   Fed colostrums and whole milk at 20% of BW for 23 d and reduced to 10% of BW for 16 d and compared with calves fed colostrums and milk at 10% BW for 44 d                                                                                                              Greater BW gain and structural growth in calves fed at 20% of BW                                                                                                                                                                                                                  [@b44-ajas-25-9-1338-18]
  3 to 56 d of age       Conventional MR (20% CP, 20% fat) or intensive MR (28% CP, 18% fat)                                                                                                                                                                                                    No effect of MR feeding on first-lactation performance, but heifers on intensive high solid MR at high feeding rate calved 27.5 d earlier                                                                                                                                         [@b74-ajas-25-9-1338-18]
  0 to 56 d of age       Group 1 was fed 0.44 kg of DM of a 21% CP, 21% fat MR daily for 42 d, group 2 was fed 0.66 kg of DM of a 27% CP, 17% fat MR for 42 d, group 3 was 0.66 kg of DM of a 27% CP, 17% fat MR for 28 d and group 4 was fed 1.09 kg of DM of a 29% CP, 21% fat MR for 49 d.   Calves in group 1 had lower ADG and calves in group 4 had highest ADG from 0 to 56 d, the least ADG from 56 to 84 d. No differences in BW at 84 d in group 2, 3, and 4 calves.                                                                                                    [@b32-ajas-25-9-1338-18]
  4 to 60 days of age    Calves fed on MR or whole milk for 30 min twice daily. From weaning until 150 d fed on similar ration, and at 150 d half of heifers in each subgroup was fed with additional 2% protein for 320 d of age                                                               BW at weaning and ADG until weaning were greater (3.1 kg and 0.074 kg/d) in whole milk than MR group. Nursery treatment and protein feeding had no effects on growth rates in pre-pubertal period, but first lactation MY was higher, in whole milk heifers than MR fed heifers   [@b58-ajas-25-9-1338-18]

###### 

Effect of pre-pubertal feeding on heifer performance, mammary gland and milk yield (MY)

  Duration/age                                                                                                    Feeding regime                                                                                                                                                                                                                                               Response                                                                                                                                                                                                                                                                                  Authors
  --------------------------------------------------------------------------------------------------------------- ------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------ ----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------- -----------------------------------------------------------------------------------------------------------
  Before puberty                                                                                                  High feeding level to increase growth rate                                                                                                                                                                                                                   \- Decreased pubertal mammary growth and reduced MY                                                                                                                                                                                                                                       \- [@b42-ajas-25-9-1338-18]; [@b47-ajas-25-9-1338-18]; [@b72-ajas-25-9-1338-18]; [@b80-ajas-25-9-1338-18]
  \- No effect                                                                                                    \- [@b88-ajas-25-9-1338-18], [@b17-ajas-25-9-1338-18]                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                  
  \- Positive effects on mammary growth and subsequent MY                                                         \- [@b16-ajas-25-9-1338-18]                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                            
  \- Decreased mammary parenchymal mass, DNA content or both                                                      \- [@b69-ajas-25-9-1338-18]; [@b13-ajas-25-9-1338-18]; [@b18-ajas-25-9-1338-18]                                                                                                                                                                                                                                                                                                                                                                                                                                                                        
  \- Decreased mammary parenchyma cell numbers                                                                    \- [@b54-ajas-25-9-1338-18]                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                            
  \- No influence on mammary epithelial cells proliferation, rate of parenchyma DNA accretion and the total DNA   \- [@b55-ajas-25-9-1338-18]                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                            
  6 wks of age until 300 kg BW                                                                                    3 different dairy breeds with 3 different energy rations of 3 different energy density for *ad libitum* intake to support 3 levels of daily gain                                                                                                             Lowest MY was noted in groups fed at feeding levels to gain BW above 350, 550, and 650 g/d, in Jersey, Danish Reds, and Friesians, respectively                                                                                                                                           [@b38-ajas-25-9-1338-18]
  5 to 10 months of age                                                                                           Diet 1: CP 142 g/kg DM with high rumen undegradable protein (RUP) (270 g RUP/kg CP), diet 2: high CP (183 g CP/kg DM) with low RUP (133 g RUP/kg CP), diet 3: high CP (182 g CP/kg DM) with high RUP (267 g RUP/kg CP). Energy in diet was 11 MJ ME/kg DM.   Low CP fed group had lowest weight gain (918 g/d) than other 2 groups (952 and 990 g, respectively), at pre-pubertal level. Daily first lactation milk, protein and fat yields were not affected. Diets with high RUP with 182 g CP per kg DM produced 0.08 kg more milk daily protein.   [@b20-ajas-25-9-1338-18]
  Before puberty (trial 1) and after puberty (trial 2)                                                            Fed diets to achieve moderate (0.7 kg/d BW gain) or accelerated gains (0.9 kg BW gain). During study, half of the heifers were mated at first oestrus after 370 kg BW and the rest after 420 kg of BW                                                        BW gains affected the body condition in post-pubertal stage. No effect on first lactation performance, accelerated BW gains after puberty influenced milk fat content. Early calving negatively influenced MY                                                                             [@b1-ajas-25-9-1338-18]
  200 to 300 d of age                                                                                             Bovine somatotropin (bST) and RUP during early post weaning period until just prior to puberty                                                                                                                                                               Increase in BW and skeletal growth without reducing age at puberty in bST and RUP fed animals                                                                                                                                                                                             [@b56-ajas-25-9-1338-18]

###### 

Effect of post-pubertal feeding on heifer performance, mammary gland and milk yield (MY)

  Duration/age                                                                                  Feeding regime                                                                                                                                                                                                                Response                                                                                                                                                                                               Authors
  --------------------------------------------------------------------------------------------- ----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------- ------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------ --------------------------
  From 300 kg to 440 kg BW or 13 to 21 months age                                               Ration with 60:40 concentrate to forage ratio fed in restricted or *ad libitum* amounts                                                                                                                                       No effect on mammary secretory tissue and mammary parenchyma                                                                                                                                           [@b78-ajas-25-9-1338-18]
  From 1 yr of age to 3 months of gestation, and 3 months of gestation to 14 d before calving   Fed moderate or accelerated (*ad libitum*) diets                                                                                                                                                                              BW gain of 0.72 and 0.84 kg/d for heifers fed moderate or accelerated diets, respectively. No effect on first lactation MY                                                                             Laccase et al. (1993)
  10 months of age until parturition                                                            Heifers fed either control or diets to achieve faster growth                                                                                                                                                                  Accelerated diets had higher daily gain (933 vs 778 g/d) and calved earlier (21.7 vs 24.6 months), had higher pre-partum BW and lower post-partum BW, but reduced performance during first lactation   [@b34-ajas-25-9-1338-18]
  2 to 6 months of gestation                                                                    \- By increasing feeding intensity                                                                                                                                                                                            \- No effect on MY                                                                                                                                                                                     [@b53-ajas-25-9-1338-18]
  \- reared to gain 650 g/d prior to breeding but high feeding in last trimester                \- Increased MY                                                                                                                                                                                                                                                                                                                                                                                                                      
  After puberty and during gestation                                                            High feeding level to increase growth rate                                                                                                                                                                                    No effect on mammary growth and MY                                                                                                                                                                     [@b80-ajas-25-9-1338-18]
  Post-pubertal phase                                                                           High feed allowance                                                                                                                                                                                                           7% increase in MY                                                                                                                                                                                      [@b51-ajas-25-9-1338-18]
  Gravid heifers (464 kg BW and 17.5 months age)                                                Limit-fed 90 and 80% of *ad libitum* intake more nutrient-dense diets (12.7 and 14.2% CP and 10.67 and 11.21 MJ/kg of ME, respectively) than control diets for *ad libitum* intake (11.3% CP and 10.29 MJ/kg ME) for 111 d.   Similar growth rates and MY (for 150 d) in limit-fed heifers to *ad libitum* fed heifers, but feed efficiency increased                                                                                [@b37-ajas-25-9-1338-18]
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